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Introduction {#sec001}
============

As human demand for food increases, the application of fertilizer has become an important means to increase grain yield in the world. Currently, China has one of the highest rates of chemical fertilizer use, with fertilizer being applied to 67% of grain crops \[[@pone.0235872.ref001]\]. Therefore, how to improve fertilizer use efficiency has become a national and global concern \[[@pone.0235872.ref002]--[@pone.0235872.ref004]\]. One of the ways to improve the efficiency of using chemical fertilizers is through the development and promotion of improved and sustainable fertilizer discharge devices to replace the conventional fertilizer application methods for better uniformity of fertilizer application. Uniformity of fertilizer application refers to the degree of uniform distribution of the fertilizer discharge from the fertilizer applicator during operation. Uniformity allows for better distribution of the fertilizer in the root zone and better nutrient utilization efficiency.

In recent years, several theoretical and experimental studies have been performed on fertilizer discharge devices \[[@pone.0235872.ref001], [@pone.0235872.ref005], [@pone.0235872.ref006]\]. Among those developed in China, the straight grooved-wheel was the most widely used for the discharge of fertilizer because of its advantages, such as simple structure, convenient manufacturing and processing, and good versatility. However, there are several challenging issues for the straight grooved-wheel, such as poor stability during operation, low discharge mass rate, and poor fertilizer discharge uniformity \[[@pone.0235872.ref007]--[@pone.0235872.ref009]\]. To overcome these challenges, this study compared the straight grooved-wheel with a spiral grooved-wheel. The spiral grooved-wheel has been reported for producing good results on fertilizer discharge mass rate and uniformity \[[@pone.0235872.ref005], [@pone.0235872.ref010]\]. In addition, the spiral grooved-wheel can handle various shapes and sizes of fertilizer granules \[[@pone.0235872.ref005], [@pone.0235872.ref011], [@pone.0235872.ref012]\]. In these existing studies, there was a lack of comparison between the spiral grooved-wheel and the straight grooved-wheel on fertilizer discharge performance. This study aimed to bridge this gap.

Understanding fertilizer discharge characteristics using experiments is difficult because the fertilizer discharge process is complex as it deals with the movement of particles, and the interactions of particles and machine. Computer simulation using discrete element method (DEM) would be a good approach in understanding and observing the microscopic interaction between particles and against the machine. The DEM was considered to be an effective simulation tool in dealing with particulate materials and has been applied in many fields in agriculture \[[@pone.0235872.ref013], [@pone.0235872.ref014]\]. In recent years, granular fertilizers have been simulated using DEM. Lv et al. \[[@pone.0235872.ref001]\] used DEM to simulate the discharge process of fertilizer spreaders having an outer groove wheel. The DEM simulation results were compared with test results, and the preliminary results indicated the validity and effectiveness of the DEM simulation. Ding et al. \[[@pone.0235872.ref006]\] developed a dual-band fertilizer applicator to simultaneously deliver starter and base fertilizer into the soil. The performance of the applicator was modeled using the DEM. The results showed that the DEM model was able to simulate the dual banding fertilizer application with a reasonably good accuracy. Yinyan et al. \[[@pone.0235872.ref007]\] studied the spreading performance of a centrifugal variable-rate fertilizer applicator by conducting DEM simulation tests. The results showed that the coefficient of variation for the developed variable-rate spreader was reduced. Results from these studies demonstrated that the DEM is an effective tool to simulate granular materials. Thus, the DEM was used in this study to simulate the fertilizer discharge performance of two grooved-wheels, the spiral grooved-wheel and the straight grooved-wheel. The objective was to study the influence of the spiral grooved-wheel and the straight grooved-wheel on fertilizer discharge mass rate, discharge uniformity, and particle falling velocity at different wheel speeds.

Materials and methods {#sec002}
=====================

Design of the fertilizer discharge device {#sec003}
-----------------------------------------

The fertilizer discharge model designed consisted of a fertilizer box, a spiral grooved-wheel, a discharge box, a discharge shaft, and a fertilizer discharge spout ([Fig 1](#pone.0235872.g001){ref-type="fig"}). The height of the fertilizer discharge model was kept moderate at 240 mm. This height ensures that its center of gravity after being filled with fertilizer will not be too high, and this will prevent the fertilizer particles from falling \[[@pone.0235872.ref015]\]. The working diameter of existing grooved-wheels was in the range of 50 to 65 mm and the grooved-wheel length generally varied from 25 to 50 mm \[[@pone.0235872.ref005], [@pone.0235872.ref016], [@pone.0235872.ref017]\]. Based on this, the working diameter and length of the spiral grooved-wheel designed in this study were 53 and 33 mm, respectively. In the literature, the range of the groove radius was generally 2 to 9 mm, and the number of grooves varied generally from 6 to 10 \[[@pone.0235872.ref005], [@pone.0235872.ref016]\]. Within these ranges, a groove radius (r) of 6 mm and the number of grooves (z) of 8 were selected. [Fig 2](#pone.0235872.g002){ref-type="fig"} shows the structural dimensions of the fertilizer discharge wheel used in this study.

![Spiral grooved-wheel fertilizer applicator.](pone.0235872.g001){#pone.0235872.g001}

![Main structural dimensions and model of the spiral grooved-wheel.](pone.0235872.g002){#pone.0235872.g002}

The fertilizer box was designed as a hopper shape, which had a rectangular-shaped cross-section at the top (200 × 200 mm) and at the bottom (74 x 72 mm) ([Fig 3](#pone.0235872.g003){ref-type="fig"}). The inclination angle of the bottom plate of the fertilizer box was 60^o^. This angle ensured that the fertilizer could flow into the grooved wheel smoothly \[[@pone.0235872.ref005], [@pone.0235872.ref018]\].

![Dimensions of the fertilizer box.](pone.0235872.g003){#pone.0235872.g003}

Model development {#sec004}
-----------------

### Fertilizer particle model {#sec005}

In this study, common compound and Urea fertilizers were used. For each fertilizer, 100 fertilizer granules were randomly selected from a bulk fertilizer sample. The length, width, and thickness of fertilizer granules were measured with a caliper, and the equivalent diameter and sphericity were calculated using the following equations: $$D = \sqrt[3]{LWT}$$ $$\phi = \frac{D}{L}$$ where *L*, *W*, and *T* are the length, width, and thickness of fertilizer granule, respectively (mm); *D* is the equivalent diameter of the granule (mm); and ϕ is the sphericity of the granule (%) \[[@pone.0235872.ref019], [@pone.0235872.ref020]\]. The results are presented in [Table 1](#pone.0235872.t001){ref-type="table"}.

10.1371/journal.pone.0235872.t001

###### Triaxial size, equivalent diameters, and sphericities of fertilizer granules.

![](pone.0235872.t001){#pone.0235872.t001g}

  Fertilizer type       Length (mm)   Width (mm)   Thickness (mm)   Equivalent diameter (mm)   Sphericity (%)
  --------------------- ------------- ------------ ---------------- -------------------------- ----------------
  Compound fertilizer   4.60          4.11         3.77             4.13                       90.71
  Urea fertilizer       4.01          3.74         3.57             3.77                       94.13

The results in [Table 1](#pone.0235872.t001){ref-type="table"} showed that the differences in particle length, width, and thickness of the two fertilizers were relatively small, and the sphericity was greater than 90% for both fertilizers. Therefore, they were simplified as spheres in the simulation. Spherical particles have also been previously used to simulate fertilizer granules \[[@pone.0235872.ref001], [@pone.0235872.ref006], [@pone.0235872.ref021]\]. The diameter of the model fertilizer particles was set as the equivalent diameter shown in [Table 1](#pone.0235872.t001){ref-type="table"}.

### Model parameters {#sec006}

Model inputs include parameters for fertilizer, machine, and contacts. The parameters of each material were density, Poisson's ratio, and shear modulus. The parameters of each contact were coefficient of restitution, static friction coefficient, and rolling friction coefficient. Among these parameters, the particle density of the fertilizer was measured through experiments, and the rest of the parameters were taken from different works of literature \[[@pone.0235872.ref005], [@pone.0235872.ref006], [@pone.0235872.ref022], [@pone.0235872.ref023]\]. The model parameters are summarized in Tables [2](#pone.0235872.t002){ref-type="table"} and [3](#pone.0235872.t003){ref-type="table"}.

10.1371/journal.pone.0235872.t002

###### The DEM parameters of the materials.

![](pone.0235872.t002){#pone.0235872.t002g}

  Material parameter    Density (kg m^−3^)   Poison ratio   Shear elastic modulus (Pa)
  --------------------- -------------------- -------------- ----------------------------------------------------------------
  Compound fertilizer   1437                 0.25           1.25 x 10^6^\[[@pone.0235872.ref005], [@pone.0235872.ref006]\]
  Urea fertilizer       1337                 0.25           2.80 x 10^7^\[[@pone.0235872.ref022]\]
  Discharge assembly    7850                 0.29           2.05 x 10^11^\[[@pone.0235872.ref023]\]

10.1371/journal.pone.0235872.t003

###### The DEM parameters of contacts between materials.

![](pone.0235872.t003){#pone.0235872.t003g}

  Contact Parameter                                    Coeff. of restitution   Static friction Coeff.   Rolling friction coeff
  ---------------------------------------------------- ----------------------- ------------------------ ---------------------------------
  Particle to particle of compound fertilizer          0.307                   0.372                    0.123\[[@pone.0235872.ref006]\]
  Particle to particle of urea fertilizer              0.323                   0.426                    0.123\[[@pone.0235872.ref006]\]
  Compound fertilizer particle to discharge assemble   0.423                   0.219                    0.095\[[@pone.0235872.ref006]\]
  Urea fertilizer particle to discharge assemble       0.318                   0.205                    0.168\[[@pone.0235872.ref005]\]

Model validation tests {#sec007}
----------------------

### Description of the testing equipment {#sec008}

To validate model simulation results, two fertilizer discharge devices, spiral and straight grooved-wheels, were tested. Both devices had the same configuration as shown in Figs [2](#pone.0235872.g002){ref-type="fig"} and [3](#pone.0235872.g003){ref-type="fig"}, except for the grooved-wheel. The test set up ([Fig 4(A) and 4(B))](#pone.0235872.g004){ref-type="fig"} consisted of the discharge unit, a DC motor, a speed control unit, a high-speed phantom camera, and a camera control computer. In the tests, the speed of the discharge wheel was set at a constant speed of 37.5 rpm. This speed was selected on the basis that fertilizer discharge units with grooved-wheels work well between 30 to 45 \[[@pone.0235872.ref001], [@pone.0235872.ref006], [@pone.0235872.ref024]\]. The grooved-wheel was driven by the DC motor and the speed could be adjusted by the speed control system. The resultant fertilizer discharge mass rate, discharge uniformity, and particle falling velocity were measured as described below, and the data were used to compare with simulated values.

![(a) Experimental setup; (b) Screenshot of the fertilizer discharge process.](pone.0235872.g004){#pone.0235872.g004}

### Measurements {#sec009}

Tests were replicated five times for each grooved-wheel, and each test lasted for 60 seconds. The mass of the fertilizer discharged at the end of a test run was weighed to determine the discharge mass rate. The uniformity within the values of the discharge mass rate was assessed by the coefficient of variation using the following: $$CV = \frac{SD}{\overline{X}}*100$$ where *CV* is the coefficient of variation; ¯X is the mean and SD is the standard deviation, which are calculated by: $$\overline{X} = \frac{\sum_{\overset{˙}{\mathbf{l}} = 1}^{\mathbf{n}}\mathbf{X}_{\mathbf{i}}}{n}$$ $$SD = \sqrt{\frac{\sum_{\mathbf{i} = 1}^{\mathbf{n}}\left( {\mathbf{X}_{\mathbf{i}} - \overline{\mathbf{X}}} \right)^{2}}{\mathbf{n} - 1}}$$ where *X*~*i*~ represents the mass of fertilizer discharge per time (gs^-1^) and n is the number of measurements.

Another main performance indicator used to validate and compare the performance of the two discharge wheels was the velocity of fertilizer falling through the discharge spout. This test lasted for 60 seconds and was run simultaneously with the discharge mass rate and uniformity test. The particle falling velocity was captured using an L (light) model VEO-410 high-speed phantom camera. This camera was operated in single channel mode and allowed the capture of up to 15 images per second with a resolution of over one million pixels. The collected images were processed using the single image analysis method to analyze the velocity of fertilizer particles. In this method, the trajectory of a fertilizer granule was observed at a given time, using the phantom camera control application software version 3.1. This method has been proven effective for analyzing the discharge velocity of fertilizer particles \[[@pone.0235872.ref003], [@pone.0235872.ref025]\].

Model simulation of fertilizer discharge process {#sec010}
------------------------------------------------

The simulation of the fertilizer discharge process was run for the two discharge wheels, the spiral grooved-wheel and the straight grooved-wheel ([Fig 5](#pone.0235872.g005){ref-type="fig"}). The speed of the wheels was varied as 10, 20, 30, 40, 50, and 60 rpm in the simulations. This speed range was within the practical range of 10 to 70 rpm \[[@pone.0235872.ref006]\].

![Screenshots of simulation of the fertilizer discharge process.](pone.0235872.g005){#pone.0235872.g005}

The discharge mass rate of the two discharge devices was recorded at every rotational speed. The particle falling velocity through the discharge spout at the speed of 37.5 rpm was also recorded. In the simulation of fertilizer discharge uniformity, the rotational speed of the discharge wheels was also kept constant at 37.5 rpm. The simulation was replicated 5 times. Each simulation lasted for 10 s, and the mass of fertilizer discharged was recorded. The uniformity of fertilizer discharged was then assessed by the mean, standard deviation, and coefficient of variation using the Eqs ([3](#pone.0235872.e003){ref-type="disp-formula"}), ([4](#pone.0235872.e004){ref-type="disp-formula"}), and ([5](#pone.0235872.e005){ref-type="disp-formula"}).

### Theoretical fertilizer discharge {#sec011}

The theoretical fertilizer discharge is calculated from the relationships of the fertilizer discharge quantity *q* when the grooved-wheel revolves for one revolution with cross-sectional area *A* of the groove, groove number *Z*, effective working length *L* of the grooved-wheel, average thickness *C*~*n*~ of the fertilizer driving layer, and revolving speed *n* of the fertilizer discharging shaft \[[@pone.0235872.ref005]\], as follows: $$q = \pi dL\sigma\left( \frac{\alpha\left( n \right)f}{t} + C_{n} \right)$$ where *d* is the diameter of the grooved-wheel; *α(n)* is the fertilizer filling coefficient in the groove, which is related to revolving speed; *f* is the end face area of the groove; 𝜎 is fertilizer density; *t* is the pitch between groove teeth.

Results {#sec012}
=======

Test results {#sec013}
------------

### Fertilizer discharge mass rate and uniformity of the two discharge wheels {#sec014}

The spiral grooved-wheel and straight grooved-wheel were compared in terms of fertilizer discharge mass rate and uniformity. For the compound fertilizer, the average discharge mass rate produced by the spiral grooved-wheel was 11.6% higher than that of the straight grooved-wheel ([Fig 6A](#pone.0235872.g006){ref-type="fig"}). For the urea fertilizer, a 13.0% higher discharge mass rate was found for the spiral grooved-wheel ([Fig 6B](#pone.0235872.g006){ref-type="fig"}).

![Measured fertilizer discharge mass rates of the two discharge devices at constant speed for the (a) compound and (b) urea fertilizer.](pone.0235872.g006){#pone.0235872.g006}

The test results demonstrated that the coefficients of variation (CV) of the discharge mass rate recorded under the spiral grooved-wheel were as low as 1.9% and 2.6% for the compound and urea fertilizer, respectively. In contrast, the coefficients of variation of the discharge mass rate recorded for the straight grooved-wheel was significantly higher than that of the spiral grooved-wheel, 18% for the compound fertilizer and 17.2% for the urea fertilizer. The results indicated that the fertilizer discharge mass rate of the spiral grooved-wheel was higher and more uniform; it can be a solution to solve the low discharge mass rate and poor fertilizer discharge uniformity problems of the conventional straight grooved-wheel.

### Fertilizer particle falling velocity of the two discharge wheels {#sec015}

Test results of particle falling velocity were compared between the two discharge devices. For the spiral grooved-wheel, the average velocities of compound and urea fertilizer particles passing through the fertilizer spout were 1.2 m s^-1^ and 1.1 m s^-1^, respectively ([Fig 7(A) and 7(B))](#pone.0235872.g007){ref-type="fig"}. These velocities were higher than those recorded for the straight grooved-wheel, which were 0.8 m s-1 for the compound fertilizer and 0.9 m s-1 for the urea fertilizer. The high velocity of fertilizer particles passing through the discharge spout under the spiral grooved-wheel condition can prevent the fertilizer from being bonded in the discharge box and solve the fertilizer blockage problem reported for the conventional straight grooved-wheel.

![Measured fertilizer particle falling velocity of the two discharge devices for the (a) compound and (b) urea fertilizer.](pone.0235872.g007){#pone.0235872.g007}

Simulation results {#sec016}
------------------

### Influence of wheel speed on fertilizer discharge mass rate {#sec017}

The discharge process was simulated for different rotation speeds, varying from 10 to 60 rpm at a 10 rpm interval. It was evident that the rotation speed has a large influence on the fertilizer discharge mass rate for the two discharge wheels ([Fig 8(A) and 8(B))](#pone.0235872.g008){ref-type="fig"}. The fertilizer discharge mass rate increases as the rotation speed increases. The fertilizer discharged mass rate of the spiral grooved-wheel was higher than that of the straight grooved-wheel at all the rotation speeds examined, and the difference in fertilizer discharged mass rate was more pronounced when using the compound fertilizer ([Fig 8A](#pone.0235872.g008){ref-type="fig"}). Therefore, the spiral grooved-wheel designed is more favorable to the discharge of both fertilizers.

![Simulated discharge mass rates of the two discharge devices for the (a) compound and (b) urea fertilizer.](pone.0235872.g008){#pone.0235872.g008}

### Influence of rotation speed on the particle falling velocity of fertilizer granules {#sec018}

From the simulation, it was observed that the average particle falling velocity for the compound fertilizer was about 1.08 m s-1 under the spiral grooved-wheel, and that of the straight grooved-wheel model was 0.99 m s^-1^ ([Fig 9A](#pone.0235872.g009){ref-type="fig"}). Similarly, the average particle falling velocity for the urea fertilizer was higher with the spiral grooved-wheel (1.2 m s^-1^) than with the straight grooved-wheel (1.1 m s^-1^) ([Fig 9B](#pone.0235872.g009){ref-type="fig"}). This result demonstrated that the fertilizer granules discharged by the spiral grooved-wheel flow faster. In addition, the continuity of fertilizer discharged by the straight grooved-wheel was lower than that of the spiral grooved-wheel. This further verifies the improved performance of the fertilizer applicator when using the spiral grooved-wheel designed.

![Simulated fertilizer particle falling velocities of the two discharge devices for the (a) compound and (b) urea fertilizer.](pone.0235872.g009){#pone.0235872.g009}

### Fertilizer discharge uniformity {#sec019}

The fertilizer discharge uniformity of the spiral grooved-wheel was compared with the conventional straight grooved-wheel at a constant wheel rotation speed (37.5 rpm) using the DEM simulation results. For both types of fertilizers and both discharge devices, the discharge mass rate varies among the simulation runs ([Fig 10(A) and 10(B))](#pone.0235872.g010){ref-type="fig"}. However, the mass rate of the spiral grooved-wheel does not vary as much as that of the straight grooved-wheel. Thus, the former had better stability in terms of performance in this regard.

![Simulated fertilizer discharge rates of the two discharge devices for the (a) compound and (b) Urea fertilizer.](pone.0235872.g010){#pone.0235872.g010}

According to the Eq ([3](#pone.0235872.e003){ref-type="disp-formula"}), the coefficients of variation (CV) of fertilizer mass discharged by the spiral grooved-wheel were 5.1% and 7.02% for the compound and urea fertilizer, respectively. Whereas, the coefficients of variation for the straight grooved-wheel were significantly higher (25.6% and 24.2% for the compound and urea fertilizer, respectively). This indicated that the designed discharge spiral grooved-wheel is more stable and favorable for uniform fertilizer applications compared to that of the straight one. This can solve the problem of poor stability and non-uniform fertilizer application reported for the conventional discharge devices.

Comparisons between simulations and measurements {#sec020}
------------------------------------------------

### Comparison of fertilizer discharge mass rate and uniformity {#sec021}

For validation, test results were compared with the simulation results at the same wheel rotation speed. The agreement between the two sets of results was assessed with relative errors. Relative error was defined as the percentage of the absolute difference between measured and simulated values over the measured value. The simulated and measured values of fertilizer discharge mass rate and discharge uniformity were very much comparable under the spiral grooved-wheel ([Table 4](#pone.0235872.t004){ref-type="table"}). Over the five simulation runs, the average relative errors for the compound and urea fertilizers were all less than 10%. The two sets of results of fertilizer discharge mass rate recorded under the straight grooved-wheel did not agree very well as indicated by the average relative errors both greater than 20% ([Table 4](#pone.0235872.t004){ref-type="table"}). The variation coefficients of fertilizer discharge uniformity of the two discharge devices were also compared. The results show that the average coefficients of variation of fertilizer discharge uniformity of the spiral grooved-wheel were low (\< 10%) compared to the 20% that was recorded under the straight grooved-wheel.

10.1371/journal.pone.0235872.t004

###### Comparison of measured and simulated values of fertilizer discharge mass rate for the two discharge wheels.

![](pone.0235872.t004){#pone.0235872.t004g}

         Spiral grooved-wheel   Straight grooved-wheel           
  ------ ---------------------- ------------------------ ------- -------
  1      1.81                   8.08                     23.08   23.08
  2      21.39                  7.33                     18.47   8.07
  3      2.58                   20.18                    1.09    24.35
  4      0.77                   3.79                     23.08   23.08
  5      6.19                   2.37                     49.57   23.08
  Mean   6.55                   8.35                     23.06   20.33

For both types of fertilizers, the overall relative errors between the simulations and measurements were quite low for the spiral grooved-wheel; this demonstrated that the DEM model captured better the actual behavior and performance, in terms of discharge mass rate and uniformity, of the spiral grooved-wheel than the conventional straight grooved-wheel.

### Comparison of fertilizer falling velocity {#sec022}

Simulated and measured values of particle falling velocity were also compared under the same wheel speed. From [Table 5](#pone.0235872.t005){ref-type="table"}, it is evident that the average relative errors between the simulated and measured values for the compound and urea fertilizers recorded under the spiral grooved-wheel were significantly lower than those recorded with the straight grooved-wheel. This proves the feasibility and effectiveness of DEM analysis on the operation of the spiral grooved-wheel fertilization device designed in this study.

10.1371/journal.pone.0235872.t005

###### Comparison of measured and simulated values of fertilizer falling velocity.

![](pone.0235872.t005){#pone.0235872.t005g}

  Fertilizer            Spiral grooved-wheel   Straight grooved-wheel
  --------------------- ---------------------- ------------------------
  Compound fertilizer   9.8                    19.2
  Urea fertilizer       8.3                    18.2

Discussion {#sec023}
==========

In small scale farming, improved control and precision of fertilizer discharge rate are particularly important in fertilizer management of the crop cycle because fertilizers are expensive and are applied in a manner that largely determines the final crop yield \[[@pone.0235872.ref026]--[@pone.0235872.ref030]\]. Improper design of fertilizer discharge devices can result in non-uniform application rates, causing fertilizer losses of up to 40% \[[@pone.0235872.ref031], [@pone.0235872.ref032]\].

In this study, a spiral grooved-wheel fertilizer discharge device was developed. It is simple to operate, has a stable discharge rate, and can be used for small and medium-size farms. The performance of the spiral grooved-wheel was compared with the conventional straight grooved-wheel by measuring the discharge mass rate, discharge uniformity, and particle falling velocity. Both the test and DEM simulation results showed that in general, the spiral grooved-wheel outperformed the straight grooved-wheel. A similar result was also reported by Liping et al. \[[@pone.0235872.ref005]\], and they considered the spiral grooved-wheel helix angle as the major influencing factor. Maleki et al. \[[@pone.0235872.ref010]\] and Kara et al. \[[@pone.0235872.ref033]\] also found that fertilizer discharge mass rate and uniformity of the spiral grooved-wheel fertilizer discharge device was the best among others. The fertilizer falling velocity of the two discharge wheels monitored showed that the average velocity of fertilizer particles falling through the fertilizer discharge spout was higher under the spiral grooved-wheel for both the two types of fertilizers used in this study. This result reaffirms that the spiral grooved-wheel designed in this study is more conducive for the discharge of different sizes of fertilizer granules as reported in the literature \[[@pone.0235872.ref005], [@pone.0235872.ref011], [@pone.0235872.ref012]\]; also, in this case, the fertilizer particle discharge by the spiral grooved-wheel will be faster than that of the straight grooved-wheel. This is important to solve the problem of poor stability, blockage and non-uniform fertilizer application challenges caused by the conventional straight-grooved wheels previously reported by other researchers \[[@pone.0235872.ref007]--[@pone.0235872.ref009]\]. The spiral grooved-wheel designed in this study worked well in the rotation speeds between 30 and 45 rpm. Within this range, DEM simulated and measured values were not significantly different. The relative errors were less than 10% for all the discharge mass rates, discharge uniformity, and particle falling velocity. This demonstrated that our proposed model can simulate the working process of the spiral grooved-wheel with reasonably good accuracy. Further development of the spiral grooved-wheel could significantly improve the control over the fertilizer inputs of small farms, reduce labor costs and at the same, enabling them to increase productivity. Our simulation approach also provides useful references for further optimization of the design parameters of the spiral grooved-wheel fertilizer discharge machines and for developing innovative fertilizer application technologies.

Conclusions {#sec024}
===========

The results of this study indicated that the DEM model developed can be used to evaluate the discharge performance of the spiral grooved-wheel, and provide reference values for the design of spiral grooved-wheel fertilizer application devices. Comparison of the DEM simulation and measured results revealed a good agreement in general and consistent variation trends. The results can be used to improve the conventional fertilizer application methods, and they are important for the improvement of fertilizer discharge mass rate and uniformity. This new method delivers fertilizer in a more precise amount and position; provide a sustainable and efficient use of chemical fertilizer for small and medium farms. Future work will focus on adopting the developed spiral grooved-wheel device on a two-row rice transplanter to provide stable, consistent, and accurate fertilizer application rates in the field.

Supporting information {#sec025}
======================
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Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: The manuscript's topic deals with the testing and simulation of fertilizer discharge process of a newly developed discharge device versus a conventional one. The topic of the manuscript falls within the general scope of the journal and contains potentially useful information for readers. The use of the simulation method of discrete element method is innovative. Generally speaking, the manuscript is acceptable for publication after some minor revisions.

1\. Line 79, spell out 'Fig' at the beginning of the sentence

2\. Tables, please remove all vertical lines and some of unnecessary horizontal lines, refer to the journal guidance

3\. Tables 2 and 3, please specify the sources of each DEM parameter specifically in the tables

4\. Line 140, 'given the running time of 60 seconds' redundant information, suggest deleting

5\. Line 156, please provide the brand and model of the camera used

6\. Line 160, please explain what is 'application 3.1'

7\. How to calculate the theoretical fertilizer discharge?

8\. In actual operation, the fertilizer distributor has a forward movement speed. How does it affect the parameter information simulated in the article?

9\. What is the basis for selecting the height parameter of equipment setting?

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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June 18, 2020

Fang-Bao Tian

Academic Editor

PLOS ONE

PONE-D-20-13766

Dear Dr. Tian,

Thank you very much for reviewing our manuscript. We also greatly appreciate the reviewer for his complimentary comments and suggestions. We have addressed the reviewer's comments and suggestions and revised the manuscript accordingly. We have ensured that the manuscript meets PLOS ONE\'s style requirements and the corresponding author has linked his ORCID account in PLOS ONE Editorial Manager System.

Please find attached a point-by-point response to reviewer's concerns. We hope that you find our responses satisfactory, and that the manuscript is now acceptable for publication.

Sincerely,

Long Qi (Ph.D),

Professor

South China Agricultural University

NO. 483, Wushan, Tianhe, CHINA

Email: <qilong@scau.edu.cn>

Response to Reviewer

We appreciate the reviewer's comments. The followings are our point-by-point responses:

1\. Line 79, spell out 'Fig' at the beginning of the sentence

Response: Fig has been spelt out in line 82

2\. Tables, please remove all vertical lines and some of unnecessary horizontal lines, refer to the journal guidance

Response: We corrected the tables as indicated

3\. Tables 2 and 3, please specify the sources of each DEM parameter specifically in the tables

Response: We have specified the source of each DEM parameters in tables 2 and 3.

4\. Line 140, 'given the running time of 60 seconds' redundant information, suggest deleting

Response: The sentence 'given the running time of 60 seconds' has been deleted in line 143.

5\. Line 156, please provide the brand and model of the camera used

Response: We have provided the brand and model of the camera used in line 159.

6\. Line 160, please explain what is 'application 3.1'

Response: 'application 3.1' has been corrected to application software version 3.1 in line 164.

7\. How to calculate the theoretical fertilizer discharge?

Response: We have added information to the paper (page 10, lines 181 -- 190) to explain how to calculate the theoretical fertilizer discharge.

8\. In actual operation, the fertilizer distributor has a forward movement speed. How does it affect the parameter information simulated in the article?

Response: We agree with the reviewer that in actual operation, the fertilizer distributor has a forward movement speed. However, the article was tailored to compare the discharge performance of the conventional straight grooved-wheel and the spiral grooved-wheel through simulations and platform tests. The platform test and simulation results indicated the validity and effectiveness of DEM analysis on the operation of the spiral grooved-wheel fertilization device as demonstrated in the article. Our next research plan as mentioned in the conclusions section of this article (lines 343 -- 345) will focus on adopting the developed spiral grooved-wheel fertilizer distributor on a two-row rice transplanter, considering the forward movement speed of the transplanter. The effect of forward movement speed on discharge performance and accurate fertilizer application rates will be assessed. This will further prove the effectiveness of the simulation model in the article.

9\. What is the basis for selecting the height parameter of equipment setting?

Response: As requested by the reviewer, we have added four sentences to the paper (lines 73 -- 76) to explain the basis for selecting the height of the equipment setting.
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Simulation analysis of fertilizer discharge process using the discrete element method (DEM)

PONE-D-20-13766R1

Dear Dr. Long,

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.

An invoice for payment will follow shortly after the formal acceptance. To ensure an efficient process, please log into Editorial Manager at <http://www.editorialmanager.com/pone/>, click the \'Update My Information\' link at the top of the page, and double check that your user information is up-to-date. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to help maximize its impact. If they'll be preparing press materials, please inform our press team as soon as possible \-- no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

Kind regards,

Fang-Bao Tian

Academic Editor

PLOS ONE
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Simulation analysis of fertilizer discharge process using the discrete element method (DEM)

Dear Dr. Qi:

I\'m pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please let them know about your upcoming paper now to help maximize its impact. If they\'ll be preparing press materials, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

If we can help with anything else, please email us at <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE and supporting open access.

Kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Fang-Bao Tian

Academic Editor

PLOS ONE
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